nous division occurred at about 11 hr after shifting to 10 C. There was no alteration in the steady-state RNA to protein ratio. The results are discussed in relation to other reported effects of shifts in environmental conditions. The lag at 10 C was dependent on prior conditions of growth at 37 C. Growth at 37 C under conditions giving catabolite repression were necessary for the lag to be established on shifting to 10C.
It has been shown (11) that when a culture of Escherichia coli ML30 growing exponentially at 37 C is shifted to 10 C, a lag period in growth results.
Possibly, this lag accounts for the existence of the minimal growth temperature. It is known that the lag period increases as the temperature to which the shift is made is decreased (H. Ng, Ph.D. Thesis, Univ. of California, Davis, 1963) . The minimal temperature for growth might well be that temperature at which the lag becomes infinite. The generality of this phenomenon has already been shown (14) . When a culture of a mesophilic or psychrophilic yeast growing exponentially at a "moderate" temperature is shifted abruptly to a temperature just above the minimum for growth, the initial result is a complete cessation of growth for a number of hours. The length of this lag period is directly related to the magnitude of the shift; i.e., the wider the spread of temperatures over which the shift is made, the longer the lag (14) . A study of this lag period seemed essential to an understanding of the factors controlling the minimal temperature for growth of microorganisms.
At the outset of the investigation, the facts known about this lag period are: optical density and the viable count remain constant (11) , and 1 Present address: Division of Food Preservation, C.S.I.R.O., P.O. Box 12, Cannon Hill, Queensland, Australia.
the fatty acids of the cell become more highly unsaturated during the 1st hr of this lag (15) ; however, adjustment of the degr-ee of unsaturation of the cellular fatty acids is not necessary for resumption of growth at 10 C (15) .
The experiments reported here are planned to define the lag period in biochemical terms. The effect of a shift in temperature from 37 to 10 C on the synthesis of ribonucleic acid (RNA), deoxyribonucleic acid (DNA), and protein has been investigated, as well as the effect on the increase in numbers of cells, on the ability to respire exogenous glucose, and on the ability to accumulate solutes.
The lag period, however, is related to conditions giving catabolite repression. The establishment of the lag period is dependent on prior growth at 37 C under conditions giving catabolite repression.
MATERIALS AND METHODS
Organism. Escherichia coli ML30 obtained from Jacques Monod was used in these experiments.
Techniques ofcultivation. Media, culture techniques, and measurements of growth rate were the same as reported previously (11) . Glucose was normally used as the carbon source at a concentration of 0.1% (w/v). In the anaerobic experiments, 0.3% (w/v) glucose was added. Succinate, pyruvate, and a-methyl glucoside were added in certain experiments to give a final concentration of 0.3% (w/v). Cultures were made anaerobic by sparging continuously with a mixture of 95% N2 and 5% CO2.
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Protein analysis. Samples (5 ml) of the culture were filtered through membrane filters (27 mm in diameter, 0.45-M pore size; Millipore Corp., Bedford, Mass.).
The pad was washed twice with cold distilled water and was then placed in 2.5 ml of cold distilled water. The cells were removed from the pad by vigorous agitation with a Vortex mixer. Protein content was estimated by a modified method of Lowry et al. (8) . A sample (0.5 ml) of the resuspended cells was added to 0.5 ml of 0.2 N NaoH and was allowed to stand overnight at room temperature; 5 ml of alkaline copper reagent (1 volume of 2% CuSo4g5H2O), 1 volume of 4% sodium tartrate, and 48 volumes of 3% Na2CO3) were then added. After 10 min, 0.5 ml of diluted (1:3 in water) Folin-Ciocalteau reagent was added. After 30 min, the absorbancy at 660 m, was read in a Beckman DU spectrophotometer against a water blank containing the reagents. Standards of crystallized bovine albumin were run with each experiment.
RNA and DNA analysis. Samples (5 ml) of the culture were filtered through membrane filters (27 mm in diameter, 0.45-IA pore size). The pad was washed twice with cold distilled water, and the cells were suspended in 2.5 ml of cold distilled water by vigorous agitation with a Vortex mixer. A sample (1.0 ml) of the resuspended cells was added to 2.0 ml of distilled water. RNA was determined by the orcinol method (13) with D-ribose as the standard (4.9 ,ug of RNA was equivalent to 1 ,ug of ribose).
DNA was determined by the diphenylamine method (2) with 0.5 ml of the resuspended cells added to 0.5 ml of 10% (w/v) trichloroacetic acid.
Estimation of cell numbers. 1 ,000 ,g (dry weight) per ml. The suspension was incubated at the particular temperature for 10 min, filtered, and washed with 0.1 M phosphate buffer (pH 7.4); the pad was placed in 15 ml of Cab-o-sil scintillation fluid (10) and was counted in a Tri-Carb liquid scintillation spectrometer (Packard Instrument Co., Inc., Downers Grove, Ill.)
The reaction mixture was the following: KH2PO4, 0.3%; KH2PO4, 0.7%; MgSO-7H20, 0.01%; glycerol, 0.2%; sodium malate, 0.2%; chloramphenicol, 50 ,ug/ml; and 2 X 10-1 Ma-methyl-D-glucoside-U14C, 0.033 puc/ml).
The specific activity of the added a-methyl-D-glucoside-U-14C was 1.48 mc/mmole; thus, 0.033 ,uc of 14C-labeled a-methyl-D-glucoside added to the reaction mixture was equivalent to 0.05 ,umole of a-methyl-D-glucoside. The count for 1 ml of the reaction mixture was 4.13 X 1014 counts per min. Thus, 1 ,umole was equivalent to 8.2 X 106 counts per min. The results are expressed as micromoles of uptake per 10 min per gram (dry weight).
Incorporation of radioactive precursors. The incorporation of uracil-2-14C and L-leucine-4,5-3H was measured simultaneously by use of a liquid scintillation system (Packard Instrument Co., Inc.). Samples (5 ml) of the culture were added to 5 ml of 10% (w/v) trichloroacetic acid at 0 C. After 30 min at 0 C, the cells were deposited on a membrane filter (27 mm, 0.45 ,u) and washed five times with 5% trichloroacetic acid (w/v) containing 10 ,ug of uracil per ml and 20 jig of leucine per ml. The filter was placed in the bottom of a counting vial, and 15 ml of Cab-o-sil liquid scintillation counting fluid was added (10) . Counts were performed under conditions giving discrimination between 3H and 14C emissions.
Chemicals. Scintillation chemicals were purchased from Packard Instrument Co.; uracil-2-14C and amethyl-D-glucoside-U-14C, from Calbiochem, Los Angeles, Calif.; and L-leucine-4, 5-3H, from New England Nuclear Corp., Boston, Mass.
All other chemicals were reagent grade. Shift in temperature. Temperature shifts were performed by transferring the culture vessel to the new temperature and sparging vigorously with air saturated with water vapor at the new temperature.
RESULTS
Effect of a rapid temperature shift on growth. When there was a shift in temperature to 10 C of a culture of E. coli ML30 growing exponentially at 37 C on 0.1% glucose minimal medium (specific growth rate k = 0.9 hr-), growth (in terms of dry weight) stopped for about 4.5 hr (Fig. 1) . When growth resumed, the initial rate (k = 0.07 hr-') was faster than the steady state rate at 10 C (k = 0.04 hr-') for about one doubling in mass.
Effect ofa rapid temperature shift on the synthesis of macromolecules. (i) Chemical determinations. Figure 2(A) shows the effect on protein content (j,g/ml) of a shift in temperature from 37 to 10 C compared to the effect on optical density and dry weight. Protein, dry weight, and optical density all remained constant for about 4 to 4.5 hr. Fig. 2(B) shows the effect on DNA (,ug/ml) and RNA (,ug/ml) as compared to that on dry weight and optical density. RNA content showed a slight initial drop and did not begin to increase until about 6 hr when there was a period of rapid synthesis. DNA was constant for about 7 hr, at which time there began a period of rapid synthesis. At the time of shifting, the ratio of RNA to protein was 0.64, and, after 12 hr at 10 C, it was 0.67.
(ii) Incorporation of radioactive precursors. The synthesis of RNA and protein after the shift to 10 C was studied by following simultaneously the incorporation of L-leucine-4 ,5-3H and uracil-2-14C into the cold trichloroacetic acid insoluble fraction. Measurement of L-1eucine-4,5-3H (0.05 ,uc/ml) incorporation was used as a measure of total protein synthesis, and the incorporation of uracil-2-14C (0.05 jAc/ml), as a measure of total RNA synthesis. Figure 3 shows there was little or no incorporation of uracil-2-'4C and L-leucine-4,5-3H for the first 4 hr. Protein (3H incorporation) started to increase at 4 hr, and RNA (IC incorporation) showed a period of rapid synthesis at about 6 hr. At the time of shifting to 10 C, the Effect of a rapid temperature shift on cell numbers. Figure 4 shows the effect of the shift in temperature to 10 C on the increase in cell num- Effect ofa rapid temperature shift on the permeability to c-methyl-glucoside. The a-methyl-glucoside permease assay (4) was used as an index of the permeability characteristics of the cells. The uptake of a-methyl-glucoside-U-14C is expressed in terms of micromoles of a-methyl-glucoside taken up per gram (dry weight) every 10 min. The uptake at 37 C was 20 ,umoles per g per 10 min. On shifting to 10 C, there was an initial inhibition of uptake (2.8 Amoles per g per 10 min), but this rate of uptake reached a level of about 10 Mimoles after 1 hr and remained relatively constant for the rest of the time at 10 C ( Table 2 ). The sample showing the initial inhibition at 10 C was of cells grown at 37 C and assayed for permease at 10 C.
Effect of anaerobiosis. In all previous experiments, cultures were grown under aerobic conditions with glucose as the carbon source. When E. coli ML30 was grown under anaerobic conditions at 37 C and then at 10 C, there was no lag or transient rate after the shift (Fig. 5) . To determine whether this anaerobic effect was the result of anaerobic growth at 37 C or at 10 C, the temperature of a culture growing aerobically at 37 C was shifted to 10 C, and the culture was made anaerobic. In a parallel experiment, the temperature of a culture growing anaerobically at 37 C was shifted to 10 C, and the culture was made aerobic. The establishment of the lag resulted only in cultures grown aerobically at 37 C (Fig. 6 ), but the state of aerobiosis at 10 C had no effect on the lag period. In contrast, the period of rapid growth always occurred when conditions were aerobic at 10 C, and it was independent of the state of aerobiosis at 37 C. Shifting the temperature of a culture growing aerobically at 37 C to 10 C and imposing anaerobic conditions resulted in a lag, but in no period of rapid growth rate. Immediately after the lag, the culture grew at a constant growth rate (k = 0.03 hr-'), characteristic of a culture growing in the steady state anaerobicaUy at 10 C.
Effect of the carbon source. All previous experiments were performed with glucose as the carbon source. The result of a shift from 37 to 10 C in a medium with succinate as the carbon source is shown in Fig. 7 . The lag period was markedly -I -.5 0 6 12 18 24 30 TIME (. R1   FIG. 6 . Effect ofprior condition ofgrowth ofEscherichia coli ML30 at 37 C on the establishment of the lag at 10 C. Symbols: 0, anaerobic at 37 C and aerobic at 10 C; 0, aerobic at 37 C and anaerobic at 10 C. VOL. 94, 1967 SHAW AND decreased, and the steady-state growth rate at 10 C was faster than growth on glucose at 10 C (k = 0.07 hr-' on succinate; k = 0.04 hr-1 on glucose To test further the apparent relationship between catabolite repression and the growth lag at 10 C, E. coli ML30 was grown anaerobically at 37 C on minimal medium containing glucose and pyruvate and the temperature was shifted to 10 C (Fig. 8) . The lag period of 4.5 hr was observed.
When the pyruvate was added at the time of shifting to 10 C, no lag resulted. Conversely, -2 -I 0 6 12 18 24 30 T IME(±HR) washing the cells free of pyruvate at the time of shifting to 10 C did not remove the lag period (Fig. 9) . Again, the conditions of growth at 37 C determined the establishment of the lag period at lOC.
Similarly, when E. coli ML30 was grown aerobically at 37 C on minimal medium containing 0.2% succinate and 0.2% a-methyl glucoside and when the temperature was shifted to 10 C with a dry weight of 90 Ag/ml, the lag period was observed and the growth rate was lower at 10 C in the presence (k = 0.04 hr-1) than in the absence (k = 0.07 hr-1) of a-methyl glucoside (Fig. 10) . Thus, all growth conditions at 37 C which resulted in the growth lag on shifting to 10 C are also those conditions which caused the establishment of catabolite repression at 37 C.
DISCussioN
The simultaneous stoppage of synthesis of all macromolecules in a medium capable of supporting growth is a unique situation. Most (5) was able to synchronize cultures of Pneumococcus species by a double shift in temperature from 37 to 25 C and back again to 37 C. Lark and Maal0e (7) were able to obtain a single synchronous division by shifting a culture of Salmonella typhimurium from 25 to 37 C. The causal relationship between the lag at 10 C and the minimal temperature for growth of E. coli does not seem to exist. The lag was only present when conditions of growth at 37 C were those that also established catabolite repression.
Marr, Ingraham, and Squires (9) have shown with E. coli that catabolite repression of f-galactosidase synthesis was greatest at 10 C and decreased as the temperature was increased. The results presented here described a unique physiological state related circumstantially to catabolite repression but differing in effect. All macromolecular synthesis is inhibited, whereas permeability and respiration are apparently unaffected. The results appear to establish the existence of a master control process of macromolecular synthesis. Shaw (14) has shown that, when mesophilic and psychrophilic yeasts are shifted from a "moderate" to a "low" temperature, they also respond with an initial cessation of growth. Thus, the phenomenon described here might be a general one 
